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The center domain structure is revisited with introduction of quark contribution to understand
phenomenology in high-energy heavy ion collisions. We show the quark contribution may allow
metastable states that would lead to a natural and consistent explanation for the temperature
dependences of color opacity and viscosity. We also argue the possibility of indirect observations of
the center domain structure in experiments due to a topological critical temperature.
PACS numbers: 12.38.-t, 64.60.My, 12.38.Mh, 25.75.-q
It is almost infallibly considered that recent experi-
mental programs at the Relativistic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC) achieve
the materialization of the quark-gluon plasma (QGP) [1].
Experimental data suggest the hot medium created in
those nucleus-necleus collisions is characterized by large
color opacity and near perfect fluidity. The former is
quantified by suppression and energy redistribution of
jets traveling through the medium called jet quenching
[2]. The phenomenon is considered to be one of the strong
evidences for the existence of a hot medium in heavy ion
collisions. The latter, on the other hand, is supported
by the existence large azimuthal momentum anisotropy
in hadronic particle spectra, which is well-described in
relativistic hydrodynamic pictures [3]. This indicates the
QGP is strongly coupled in the vicinity of the quark-
hadron crossover temperature, as opposed to the weakly-
coupled picture one would na¨ıvely expect from perturba-
tive quantum chromodynamics (pQCD). It is now widely-
accepted that its viscosity is smaller than that of any
matter we have found so far – it is close to the lower
bound conjectured in kinetic theory [4] and Anti-de Sit-
ter/conformal field theory correspondence [5]. Therefore
it would be of great importance to establish microscopic
explanations for the mechanisms behind the parton en-
ergy loss and the small viscosity of the hot medium.
Recently, those properties of the QGP are shown to be
qualitatively understood from the center domain struc-
ture of the deconfined matter [6]. The jet quenching is
interpreted as reflecting and scattering of partons by cen-
ter domain walls. The short mean free path is charac-
terized by the typical size of domains. In this letter,
we consider the quark contribution to the center domain
structure and explore its possible consequences in the
phenomenology of the QGP in experiments. We find
there may exist a critical temperature that separates the
strongly-coupled and the perturbative pictures.
The reached initial temperature at RHIC is roughly
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estimated as 300-600 MeV [7] and that at LHC is indi-
cated to be even higher [8]. A strongly-coupled QGP
(sQGP) is expected to be realized in those heavy ion
collisions. In such temperature regime, the center do-
main structure may appear [6]. The color glass con-
densate [9] and subsequent glasma [10] pictures imply
the correlation length in the transverse plane is around
∼ 1/Qs. Thus the quark matter can develop “domains”
with different phases in the early stage of the collision
dynamics, which should survive to some extent in later
stages after time-evolution as well [11] and characterize
the sQGP. When there are no flavors, Z3 (center) sym-
metry can be realized in the system. On the other hand,
the existence of quarks can explicitly break the symme-
try and might allow metastable states. In classical non-
equilibrium thermodynamics, metastable states are keys
in explaining phenomena such as supercooling and super-
saturation. Thus in analogy one might be able to expect
a new heavy ion phenomenology to arise from this topo-
logical supercooling of the QGP.
To understand the center domain structure, we con-
sider the perturbative one-loop effective potential of the
gluon and the massless quark here. Our interest is sQGP
realized in RHIC and LHC and thus we may neglect the
chiral symmetry breaking. By considering the expansion
about a background field for the time-like component of
the vector potential
(Acl4 )
ab =
2piT
g
qaδ
ab; (1)
a and b are color indices where T is temperature and g
means the gauge coupling, the gluon and quark pertur-
bative one-loop effective potentials [12, 13] are expressed
as
Fg =
2pi2T 4
3
∑
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(
1−
δab
3
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B4(|qa − qb|mod 1), (2)
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4
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FIG. 1. The flavor-dependence of the effective potential
normalized by T 4.
with the forth Bernoulli polynomial
B4(x) = x
4 − 2x3 + x2 −
1
30
, (4)
where Nf is the flavor number. In this background field,
the Polyakov-loop in the fundamental representation can
be expressed as
Φ =
1
3
trP eig
∫
1/T
0
A4(τ,~x) dτ =
1
3
3∑
a=1
e2πiqa , (5)
where
∑
a qa = 0 because A4 is an element of the SU(3)
Lie algebra. The Polyakov-loop at minima of the effec-
tive potential F = Fg + Ff in the high T limit can be
expressed as Φ = exp(2piiν/3) where ν = 0, 1 and 2. If
we discuss the non-perturbative effects, we need a model
of QCD.
The flavor-dependence of the effective potential nor-
malized by T 4 is shown in Fig. 1 where qi are set as
q1 = q2 = q. This figure was already shown in Ref. [14].
The existence and its physical meaning of metastable
minima are still controversial [14, 15]. In recent lattice
QCD simulation [16–18], the center domain with fun-
damental quark contribution were investigated and then
some evidence were obtained. It should be noted that de-
scription of such metastable mimima is difficult from the
viewpoint of the standard (equilibrium) thermodynamics
because the free energy should be a convex function [19].
Also, nonzero qi acts as the imaginary chemical potential
and thus it may leads the nonzero pure imaginary quark
number density at zero chemical potential at metastable
minima and then the interpretation of the pure imaginary
quark number is not obvious. These issues may be related
with the incompleteness of theory which can describe
thermodynamics of the non-equilibrium system. In this
letter, we treat the metastable minima of the effective
potential are actual metastable states in non-equilibrium
system and then the center domain is a physical object.
In the end of this letter, we show the qualitative differ-
ence of experimental data with and without the center
domain structure. If it will be observed, the center do-
main can be considered as the physical object and then
it may provide useful information to construct the theory
of the non-equilibrium system.
From Fig. 1, we can see that the energy barrier from
ν = 1, 2 to 0 becomes lower when the flavor number
increases. On the other hand, the energy barrier from
ν = 0 to 1, 2 becomes higher. It should be noted
that metastable minima would become unphysical above
Nf ∼ 3 when they reach the F > 0 region because their
pressures become negative and thermodynamics is ill-
defined. It is also note-worthy that non-colored particles,
such as leptons, can have positive pressure even in such
systems so that the “overall pressure” is positive. How-
ever, the metastable states are still forbidden because
their interactions with quarks and gluons are weak and
the combined system should not be considered as a ther-
malized medium. This implies one can define a critical
temperature T cri from the thermodynamic instability of
the metastable minima that characterize a major change
in the center domain structure.
The quark contribution would be essential in providing
a bridge from the hydrodynamic picture, where the mean
free path λ is short, to the pQCD picture where it is very
long. Below T cri, the mean free path in the quark mat-
ter is characterized by the effective size of the domain.
One can expect that λ would gradually increase with the
number of flavors, because if the pressures of ν = 1, 2 do-
mains decrease as shown in Fig. 1, the pressure balance
requires the expansion of ν = 0 domain. This indicates a
longer mean free path since when the quark contribution
is not very large, it is given as
λ ≃ 31/2Rd
∑
j
(
Vj∑
i Vi
)3/2
, (6)
where Rd is the domain size in the Z3 symmetric case and
Vi is the volume portion of a domain ν = i (i, j = 0, 1, 2)
when the pressures are equal. The minimum is given
when V0 = V1 = V2, which can be realized when all the
domains have the same pressure, i.e., in the pure gauge
case. It is note-worthy that the energy barrier towards
the ν = 0 domain could be decreased as well. Considering
the typical initial size of individual domains ∼ Q−1s tends
to shrink for larger energies, the effect would be impor-
tant in understanding the latest experimental implica-
tions for the RHIC and LHC collisions in hydrodynamic
analyses that shear viscosity would increase with the tem-
perature from (η/s)RHIC ≃ 0.12 to (η/s)LHC ≃ 0.2 [20].
The probability for realization of ν = 0 state itself be-
comes larger, inducing the merging of neighboring do-
mains. This would lead to rapid increase in the mean
free path near T cri. At T cri, one might observe a weakly-
coupled QGP (wQGP) because there could still be the
energy barrier between the domains just below the tem-
perature, but such barrier no longer exists slightly above
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FIG. 2. Possible schematic pictures of the temperature-
dependence of parton scattering by broken center domains.
Dashed line denotes ν = 0 to/form 1, 2 boundary with quark
contribution. (a) Mean free path is typically of the domain
size in the pure gauge scenario [6]. (b) Domains are partially
broken due to metastable minima induced by quarks. (c)
ν = 0 is significantly favored at higher energies and those
domains connect to form large clusters. ν = 1, 2 shrinks as
their pressures decrease. (d) The metastable states vanish
above T cri before their pressures become negative.
T cri. Since the effective number of flavors is alreadyNf ∼
2-3 for the energy scales of the recent heavy ion exper-
iments, depending on the precise form of the effective
potential a very beginning of such behavior might well
be observed in future heavy ion experiments if the cen-
ter domain structure plays an essential role in the QGP
physics.
The schematic figures of the flavor/temperature de-
pendence of the topological domain structure are shown
in Fig. 2 (a)-(d). When there is no quark contribution,
the center domains are stable and the mean free path
of a parton is characterized by their size. When there
is a moderate number of flavors, on the other hand, the
stable domains (ν = 0) expands while the metastable
ones (ν = 1, 2) shrink. The energy barrier of domain
walls are also reduced for the patrons traveling from the
metastable to the stable states, allowing longer effective
mean free path. As the number of flavors increase with
the temperature, ν = 0 domain is more significantly fa-
vored and the domains starts to form large clusters as
topological percolation occurs. Note this starts to hap-
pen even when the system does not reach T cri. Finally
the metastable states vanish above the critical temper-
ature, allowing very long mean free path. The rapid
change in the center domain structure could be observed
as a sudden reduction in jet quenching and increase in
viscosity at sufficiently high temperatures.
Jet quenching is characterized with the parton energy
loss par unit length dE/dx. The energy loss by the cen-
ter domains is obviously reduced for a smaller number of
walls. On the other hand, the energy barrier from sta-
ble to metastable states increases considerably, leading
to enhancement of the energy loss. The competition can
lead to non-trivial energy dependence, which requires fur-
ther investigation with more quantitative analyses. The
fact increased suppression is observed for mid-low mo-
mentum region in higher energy collisions [21] implies
the energy barrier effect is stronger at RHIC and LHC
energies. At a sufficiently high temperature, those struc-
ture disappears and one should observe much more color-
transparent plasma in the low-momentum region. High
momentum behavior is considered to be described with
pQCD as encouraged by experimental data at RHIC and
LHC, possibly with running coupling corrections.
When the initial temperature is above T cri, there
would be no domain wall structure. Therefore, if the cen-
ter domains are the dominant reason behind the collec-
tive properties of the QGP, heavy ion collisions of higher
energies could be very unique. At the initial stage, a
wQGP would be produced with only ν = 0 domain. As
the temperature decreases with time-evolution of the ex-
panding system, metastable states are thermodynami-
cally allowed but not chosen since all the domains are
already in the true minimum state. The QGP would be
gas-like and develop very small elliptic flow at most in
the magnitude expected from pQCD during the evolu-
tion until the hadronic freeze-out. On the other hand,
if the center domains are not the main reason behind
the fluidity, wQGP could smoothly transit into sQGP as
the system cools down and develop a sizable elliptic flow.
This implies that if a sudden change in elliptic flow coef-
ficient is observed, that could be interpreted as a sign of
breaking of topological objects in the color plasma.
The typical size of a domain would be Rd ∼ 0.5 fm
[6] while the radius of a proton is ∼ 0.8 fm. This im-
plies that a very few number of center domain structures
could be formed even in p-p collisions. Most of them,
however, could merge into one domain as the quark con-
tribution encourages the ν = 0 state, losing fluidity and
color opacity of the system. One may observe an onset
of collective behavior when the transverse volume size of
a hot medium becomes larger in p-p and p-A collisions at
much higher energies. It should be noted that one also
has to be careful since low-temperature boundary effects
would be non-negligible and can break the domain wall
structures at initial stages in such collisions.
It is important to keep note that the center domain
structure could naturally arise by assuming the exis-
tence of color flux tube spots on the transverse plane,
which is an implication of color glass theory. The do-
main structure in the longitudinal direction, on the other
hand, could be more non-trivial. If the flux tube sur-
vives throughout the collision processes, it could support
highly-anisotropic hydrodynamic pictures [22]. If frag-
mentation of the flux tubes takes place during the ex-
pansion of the heavy ion system, the longitudinal domain
4size would become finite and three-dimensional fluidity
and opacity may be achieved. The fact that no direc-
tional preferences are observed in the data of jet quench-
ing might favor the latter scenario.
In summary, we have explored the center domain struc-
ture in the QGP with the quark contribution and its
implications in heavy ion physics. We show the flavor ef-
fects can accommodate correct behavior of viscosity and
jet quenching from RHIC to LHC. The picture may pose
a new critical temperature that can separate strongly-
coupled and weakly-coupled QGPs by the break-down
of metastable center domains. If sudden changes in the
observables are detected, that could be the first time a
topological object is observed in experiments. Since the
number of effective flavors is already close to the critical
value, a hint of such phenomena could be observed in
future heavy ion experiments with higher energies, open-
ing a brand new physics of LHC just as the quark-hadron
transition at RHIC did a decade ago if center domains
with broken Z3 symmetry are present in the QGP.
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